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Abstract
Fast changing markets and the trend towards increasing individualization of products make the ability to adapt the production program a key 
competitive factor of industrial enterprises. Rigidly coupled production lines, as often found in mass production, reach the limits of their 
flexibility when facing these challenges. To ensure the adaptability of the production system, a systematic method to support the planning of 
the system’s structure is needed. This paper presents the general approach of an innovative structure planning method for complex assembly 
systems based on Axiomatic Design. Flexibly linked process modules are used, resulting in a changeable connectivity of the assembly system. 
The focus of the paper is put on the approach to define abilities of process modules as the system’s elements in a way that a high universality 
towards the assembly of different variants is achieved. The integration of this planning step into the overall methodology is briefly outlined. 
After motivating the research, an overview into the Axiomatic Design based assembly system structure design is given. A detailed description 
of designing the system elements follows. This paper concludes with a short presentation of application in an automotive industry use case.
© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Turbulent market conditions force manufacturing 
companies to deal with high volatility of volumes and a 
reduction of forecast quality [1, 2]. At the same time, the high 
number of variants associated to the paradigm of mass 
customization increases further with the trend towards 
personalized products [3]. The capability for rapid adaptation 
has become a key competitive factor. 
A dominant structure of customized series production 
systems is a production line of rigidly linked stations, 
dedicated to defined variants. This setup ensures high 
efficiency, as long as production takes place within a pre-
defined flexibility range of volume and variety [4]. The 
requirement of rapid adaption cannot be met outside of this 
flexibility range.
The approach of changeability aims to enable a system to 
move its flexibility range onto different levels [5, 6, 7, 8]. 
According to Wiendahl et al., changeability of a production 
system can be achieved by designing the system and its 
elements in adherence to the changeability enablers of 
universality, mobility, scalability, modularity and 
compatibility [9]. As modularity intensifies all other 
changeability enablers, it is seen as a fundamental property of 
a changeable system [10].
Three main adaption cases arise from changing volume and 
variety: capacity-, ability- and sequence adaption. Ability 
adaption means different production technology and different 
technical equipment, sequence adaption means different order 
of existing production technology and technical equipment.
In the research project ARENA2036, flexibly linked 
process modules are being used as elements of the production 
system [11]. Without rigid coupling of stations, the system’s 
inherent routing flexibility enables ad-hoc sequence adaption. 
To also ensure changeability of the production system in 
regard to capacity and ability, a planning methodology for the 
design of a production system of flexibly linked process 
modules is needed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Objective
The main focus of this paper lies on the definition of
general types of process modules for the case of an assembly 
system. Process module types are created to match assembly 
operations with similar characteristics of the assembly part, 
the base part and the assembly process. Each process module 
type is featured with an assembly technology, an automation 
degree and types of assembly operation resources. As process 
module types are designed without consideration of an actual 
product, a high universality is ensured.
The definition of process module types is the first step of 
the overall approach to design changeable system structures, 
see Fig. 1. To complete the structure planning, modules are 
chosen as a second step in type and quantity to match the 
planning case of product variants and volumes and a layout is 
designed with respect to flow-orientation of material flows. 
Both planning steps are supported by Axiomatic Design. 
Existing methods of lean line design are not applicable to 
plan process modules for changeable assembly systems, as 
their focus on station balancing leads to variant-specific 
solutions in a fixed sequence of operations that are not easily 
adaptable. Production boxes, capable of performing all 
operations of all product variants, are not feasible either as 
they result in high investment along with a low technology-
utilization, while technical feasibility is not always given.
3. State of the Art
An assembly process module is a sub-system of an 
assembly system. It is defined as the smallest element of the 
system that can be multiplied, displaced or eliminated as a 
whole [12, 13]. It contains all types of assembly operation 
resources needed to ensure its functionality as autonomous 
unit of the assembly system, i.e. assembling, transport, 
handling, storage and monitoring and inspection equipment 
[14]. An assembly process module performs defined assembly 
operations [11, 8]. 
A changeable process module is designed according to the 
changeability enablers: its modularity enables a replacement 
of its assembly operation resources, its mobility allows for an 
easy shifting within the assembly system, its compatibility 
enables an unobstructed connection to other system elements, 
its scalability enables the change of its operating figures and 
its universality maximizes the number of assembly operations 
it is capable to perform.
Axiomatic Design is a methodology for systematic support 
of the design process of complex technical systems based on 
two fundamental axioms [15]: Independence Axiom (Axiom 
1) and Information Axiom (Axiom 2). To adhere to the 
independence axiom, each system requirement must be 
satisfied by a design solution that has ideally no influence on 
other requirements. The information axiom helps to assess 
design solution and works as criterion to select between 
alternative designs that comply with Axiom 1. The better 
design is the one with least amount of information, measured 
in terms of probability to successfully satisfy the system 
requirements.
Design decisions are aligned towards the objective of the 
design by the decomposition of requirements. The design 
process takes place in four domains: a customer domain states 
the customer attributes (CA) the design object needs to fulfill, 
a functional domain specifies the functional requirements 
(FR), derived from the customers’ needs, a physical domain 
with design parameters (DP) as response to each FR and a 
process domain containing process variables (PV) needed for 
the realization of DPs.
FR, DP and PV are mathematically described as vectors, 
with the relations between FR and DP and DP and PV 
expressed as design matrices [A] and [B] [15].
{ } [ ]{ }FR A DP                                                     (1)
{ } [ ]{ }DP B PV                                                     (2)
Equations (1) and (2) can be merged into equation (3) to 
express the overall relation between FR and PV [16]. 
{ } [ ][ ]{ } [ ]FR A B PV C PV                              (3)
To satisfy the independence axiom, matrices needs to be 
either diagonal for an uncoupled design (see equation 4) or 
triangular for a decoupled design (see equation 5) [15].
1 0 0 1
2 0 0 2
2 0 0 3
FR x DP
FR x DP
FR x DP
§ · ª º § ·
¨ ¸ ¨ ¸« » ¨ ¸ ¨ ¸« »
¨ ¸ ¨ ¸« »© ¹ ¬ ¼ © ¹
                              (4)
1 0 0 1
2 0 2
3 3
FR x DP
FR x x DP
FR x x x DP
§ · ª º § ·
¨ ¸ ¨ ¸« » ¨ ¸ ¨ ¸« »
¨ ¸ ¨ ¸« »© ¹ ¬ ¼ © ¹
                             (5)
Fig. 1. Overall approach to design a changeable system structure.
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Axiomatic Design has been applied in manifold use-cases. 
The most relevant ones to this paper are briefly discussed in 
the following. 
Linck [17] and Cochran et al. [18] design manufacturing 
systems based on Axiomatic Design with the overall goal to 
maximize long term return on investment. They stay on a 
strategic level of principles with a focus on lean 
manufacturing. Changeability is not considered. 
Rauch [19] uses Axiomatic Design to design a changeable 
production system for franchising models, but stays on an 
abstract level of changeability enablers. 
Babic [20] presents a methodology to design flexible 
manufacturing systems (FMS) by specifying DPs to fulfill the 
FRs of performing an individual manufacturing process on 
component level. Similar components are joined in line with 
the fulfillment of Suh’s second corollary to minimize the total 
number of FR. Babic addresses the manufacturing of known 
components with predefined operations and operation 
sequence as input into the design process. 
Vallhagen [16] works with the separation of domains into a 
customer, a designer and a manufacturing world and the 
integration of the additional process function domain in 
accordance to Sohlenius [21]. Vallhagen assumes similar to 
Babic that a sequence of operations should be established 
before the designing process of the production system starts.
4. Domain Structure of the Planning Approach
The planning approach presented here considers the 
planning of a changeable assembly system structure of 
flexibly linked process module as an independent design 
process. The definition of FR, DP and PV is thus adapted 
from Suh’s systems design characteristics [15]. The primary 
task of assembly is the fitting together of manufactured parts 
into a product of higher complexity [22, 23]. Thus, the world 
of product design is taken as customer domain of the 
assembly system.
The functional domain translates characteristics of the 
product into requirements on the assembly system. The 
physical domain responds to the definition of assembly 
technology, degree of automation, and types of assembly 
operation resources and tools as DPs. The process domain 
finally defines process module types as the system’s elements 
by merging technological abilities and technical configuration 
onto PV. Fig 2 shows the overall domain structure.
5. Main Requirement: Set of Component Characteristics 
Derived from Product Design World
To reach high changeability of the assembly system, high 
variant-universality is pursued when designing process
module types. Therefore, CAs are not derived from an actual 
product. Instead, the functional domain demands sets of 
characteristics as highest level FRs that are derived from 
generalized base- and assembly components and their fitting 
operation. Each set of characteristics represents a group of 
similar base- and assembly-component-pairings whose 
characteristic values can be found within the set. 
Characteristics reach from material properties, geometrical 
properties, design for automation properties, ergonomic
properties to only name a few. Fig. 3 shows an excerpt.
The characteristics influence the choice of assembly 
technology and assembly operation resources, which is 
explained in detail in the following sections of FR/DP- and 
DP/PV-relation. 
For the first setup, the characteristics of current product 
variants are analyzed. If a change of product variant results in
a new set of component characteristics, those can be added 
any time as additional top level FR, which will eventually 
lead to a new process module type.
6. FR/DP-Relation 
Design matrix [A] describes the relation between FR and 
DP. Based on the abstract level zero of the decomposition, 
design parameters of the first hierarchical level specify the 
assembly technologies of the assembly system. In accordance 
to the independence axiom, only one technology should be 
assigned to each set of characteristics.
On the next hierarchical level, each assembly technology is 
separated into the single assembly steps of preparation, 
contacting, fixing and post-fixing. The number of different 
single steps depends on the assembly technology. In the case 
of screwing for instance, the process step of contacting 
assembly and base component is followed by fixing with the 
insertion of the screw. Gluing involves in contrast at least the 
preparation step of applying the glue, followed by the process 
steps of contacting and curing as fixing step.
Fig. 2. Schematic domain structure.
Fig. 3. Excerpt of classification categories.
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Table 1.  Initial and first hierarchical level of FR-DP decomposition
Functional Requirements Design Parameters
FR 0 changeable assembly 
of product group
DP 0 assembly system of 
flexibly linked process 
modules
FR 1 Set of characteristics 1 DP 1 Assembly technology 1
… …
FR n Set of characteristics n DP n Assembly technology n
For each assembly technology, there is always at least the 
step of fixing, which refers to the assembly technology itself. 
In most cases, a new assembly process step needs to be added 
when tools are changed. As DP, the degree of automation is 
set for each process step. In addition, the process steps of 
preparation, contacting and post-fixing are matched with a 
technology. The assembly technology of the process step of 
fixing is derived directly form the first hierarchical level. 
Each assembly technology defined on the first hierarchical 
level grows into this second hierarchical level. 
Table 2. Second hierarchical level of FR-DP decomposition
Functional Requirements Design Parameters
FR 1.1 Preparation DP 1.1 Degree of Automation and 
Preparation technology
FR 1.2 Contacting DP 1.2 Degree of Automation and 
Contacting technology
FR 1.3 Fixing DP 1.1 Degree of Automation for 
assembly technology 1
FR 1.4 Post-Fixing DP 1.1 Degree of Automation  and 
Post-fixing technology
On the third level, types of assembly operation resources 
for each process step, its technology and degree of automation 
are defined. The requirements and possible example design 
parameters are given in Table 3. 
Table 3. Third hierarchical level of FR-DP-decomposition
Functional Requirements Design Parameters
FR1.1.1 Supply base material DP1.1.1 Automated guided 
vehicle
FR1.1.2 Supply assembly 
material
DP1.1.2 Automated guided 
vehicle
FR1.1.3 Supply additive 
materials
DP1.1.3 Automated guided 
vehicle
FR1.1.4 Hold base part DP1.1.4 Automated guided 
vehicle
FR1.1.5 Hold assembly part DP1.1.5 Robot
FR1.1.6 Hold additive 
materials
DP1.1.6 Robot
FR1.1.7 Transport finished 
assembly
DP1.1.7 Automated guided 
vehicle
FR1.1.8 Remove waste 
material
DP1.1.8 Manually by machine 
operator (periodic)
FR1.1.9 Hold relative 
position between 
components 
DP1.1.9 By design of base and 
assembly components
FR x.x.9 is concerned with securing the relative position of 
the base- and assembly component. It only applies to the steps 
of preparation and contacting. If the relative position can be 
secured unto the next process step by design of components, 
an uncoupled design of level two design parameters is 
prevalent. A decoupled design is possible, if the relative 
position can be secured by locking the parts’ positions 
towards the environment (often supported by force of gravity) 
with technical means. If the relative position between 
components can only be secured by instantly operating the 
following process step, a coupled design is prevalent.  
Types of assembly operation resources as defined on 
hierarchical level three are further decomposed into tool and 
fixture types on the following level.
7. DP/PV-Relation
The design matrix [B] describes the relation between DP 
and PV. It matches types of process modules to technological 
and technical abilities that belong to a set of characteristics. 
Level zero and level one of the process domain stay on an 
abstract level. 
Table 4. Initial and first hierarchical level of DP-PV decomposition
Design Parameters Process Variables
DP 0 Assembly system of flexibly 
linked process modules
PV 0 Structural elements of 
the assembly system
DP1 Assembly technology 1 PV 1 Elements realizing set 
of similar characteris-
tics with technology 1 
… …
DP n Assembly technology n PV n Elements realizing set 
of similar characteris-
tics with technology n
Process module types are defined as process variables PV
on the second hierarchical level of the decomposition process.
Table 5. Second hierarchical level of DP-PV decomposition
Design Parameters Process Variables
DP
1.1
Degree of Automation and 
Preparation technology
PV
1.1
Preparation Process 
module 1.1
DP
1.2
Degree of Automation and 
Contacting technology
PV
1.2
Contacting Process 
module 1.2
DP
1.3
Degree of Automation for 
assembly technology 1
PV
1.3
Fixing Process 
module 1.3
DP
1.4
Degree of Automation  and 
Post-fixing  technology
PV
1.4
Post-fixing Process 
module 1.4
In accordance to the preceding design process, the so 
defined process modules are specialized on a certain process 
step, with a certain degree of automation and defined 
technological abilities. They are equipped with the assembly 
operation resources and equipment as defined on the third and 
fourth hierarchical level of the physical domain. With the 
overall design matix [C], they are furthermore linked to a set 
of characteristics of assembly component pairings and their 
respective assembly operation. Process module types show a 
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high universality in the sense that they are capable to operate 
a certain process step for all assembly operations of 
components that are conform to the set of characteristics for 
which the process module type is designed.
In good system design, the number of FR matches the 
number of DP and the number of PV on the same hierarchical 
level. If there is a redundancy in the design domain, e.g. due 
to different assembly technologies or automation degrees for 
one requirement of set of characteristics, this redundancy is 
passed on into the process domain and results either in
multiple process module types for the same FR. Such multiple 
process module types are differentiated by technology and / or 
degree of automation. Alternatively, the redundancy in the 
design domain can be resolved for the overall system by 
coupling the respective design parameters into one process 
module type of higher abilities.
Fig. 4 shows the overall FR-DP-PV hierarchy for one set 
of similarity-characteristics FR1.
8. Experience from a Case Study
The methodology was first tested in the use case to design 
an automotive door module assembly system structure. The 
product consists of a door body shell as main base component 
that is mounted with a door module. In various further steps, 
additional components are assembled on the body shell and 
the door module. 
Table 6. Overview of main distinguishing features defining sets of similarity-
characteristics
FR 1 FR 2 FR 3 FR 4
Limp 1-dim 
assembly 
component
Semi-elastic flat 
assembly comp. 
weight > 2kg
Stiff flat 
assembly comp. 
of high mech. 
Sensibility
Stiff bulky 
assembly 
component
FR 5 FR 6 FR 7 FR 8
Limp 1-dim, 
attached to 
different 
component; 
Cannot hold to 
base 
component 
without fixing.
Semi-elastic flat 
assembly comp. 
weight <500g, 
mechanical 
sensibility
Semi-elastic flat 
1-dimensional 
assembly 
component, 
mechanical 
sensibility
Stiff bulky 
assembly 
component 
high mech. 
Sensibility, 
inseparable 
after fixing.
Existing variants arise mainly from components that are only 
added in certain product configurations (e.g. roller blind). 
Some variants need different assembly technology due to a 
deviation in design (e.g. door module of certain vehicle 
classes).
The analysis of all base and assembly component pairings 
results in eight first level FRs. Table 6 shows the main 
distinguishing features of each set of characteristics. 
For each FR, assembly technologies were assigned on first 
hierarchical level, shown in the matrix of equation 6. 
1 0 ... 0 0 0 0
2 0 0
... 0 0 ...
8 0 0 ... 0 0 0
FR x insert
FR screw
FR x clip
§ · § ·§ ·
¨ ¸ ¨ ¸¨ ¸
¨ ¸ ¨ ¸¨ ¸ 
¨ ¸ ¨ ¸¨ ¸
¨ ¸ ¨ ¸¨ ¸
© ¹ © ¹© ¹
 (6)
FR1 to FR8 are decomposed into single assembly steps 
depending on the assigned assembly technology which are 
assigned with degree of automation and further assembly 
technologies. Thereby, the requirement of holding the relative 
position between assembly and base part FR 5.2.9 can only be 
solved when contacting step DP 5.2 and fixing step DP 5.3 are 
coupled onto the same process module. Equation 7 shows the 
twelve originating process module types of the use case and 
their linkage to functional requirements by design matrix [C].
1.1 0 0 0 0 0 0 0 0 0 0 0
1.3 0 0 0 0 0 0 0 0 0 0 0
2.2 0 0 0 0 0 0 0 0 0 0 0
2.3 0 0 0 0 0 0 0 0 0 0 0
3.2 0 0 0 0 0 0 0 0 0 0 0
3.3 0 0 0 0 0 0 0 0 0 0 0
4.2 0 0 0 0 0 0 0 0 0 0 0
4.3 0 0 0 0 0 0 0
5.2
5.3
6.3
7.3
8.3
FR x
FR x
FR x
FR x
FR x
FR x
FR x
FR x
FR
FR
FR
FR
FR
§ ·
¨ ¸
¨ ¸
¨ ¸
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¨ ¸
¨ ¸
¨ ¸
¨ ¸
¨ ¸  ¨ ¸
¨ ¸
¨ ¸
¨ ¸
¨ ¸
¨ ¸
¨ ¸
¨ ¸
¨ ¸¨ ¸© ¹
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Fig. 4. One branch of the FR-DP-PV hierarchy for the first planning step of a changeably assembly system structure with flexibly linked process modules.
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9. Conclusion
In this paper, the first step of a new methodology to design 
the structure of a changeable assembly system as an enabler to 
competitiveness is presented. It is shown that high 
universality of process modules can be achieved by designing 
technological and technical abilities of the process modules 
with Axiomatic Design in accordance to requirements, which 
are deducted from generalized characteristics of assembly 
components. A changeable assembly system can be created by 
arranging the so designed process modules in flow-oriented 
manner. This second step of the methodology was not 
presented here and affords further research.  
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